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1. INTRODUCTION
One of the ideas of sustainable construction is the use
of materials that are byproducts of industry (for exam-
ple fly ash, sillica fume) or demolition and manufac-
turing waste eg. sanitary ceramics, which can be used
as aggregate for concrete [1]. Another group of mate-
rials are vegetable origin semi-finished products/
waste, such as straw, reed, fiber and flax and hemp
shives. These materials are used as thermal insulation
[2] or fillers in composites [3]. The organic compo-
nents are generally sensitive to moisture. The use of of
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A b s t r a c t
The paper presents issues associated with moisture presence in the wall partitions. As the wall material a lime-hemp com-
posite was selected. Materials containing organic components are sensitive to excessive amount of moisture. One of the most
important sources of moisture in the walls is diffusive water vapor, which may condense inside the partition. An important
parameter of wall material is water vapor permeability. Inappropriate indor air relative humidity and the temperature of
the wall surface can contribute to the growth of mold. In turn, the accumulated condensate inside the barrier, may worsen
the thermal insulation parameters and reduce the durability of the material. For the analysis there were selected two exter-
nal wall constructions manufactured of the hemp-lime composite in two versions, one insulated from the inside and the sec-
ond one from the outside with wool hemp. Both variants are finished with plaster or wood cladding. To avoid critical sur-
face humidity, internal surface temperature was calculated and the possibility of interstitial condensation in the analyzed
walls was determined. Calculations were made assuming the specified conditions in a monthly cycle for Lublin (Poland)
location according to PN-EN 13788 standard.
S t r e s z c z e n i e
Praca przedstawia zagadnienia związane z występowaniem wilgoci w przegrodach ściennych. Jako materiał ścienny wybra-
no kompozyt wapienno-konopny. Materiały zawierające składniki organiczne są wrażliwe na nadmiar wilgotności. Jednym
ze źródeł wilgoci w ścianach jest dyfundująca przez nią para wodna, która może ulec skropleniu wewnątrz przegrody.
Ważnym parametrem materiału ściennego jest paroprzepuszczalność. Nieodpowiednia wilgotność względna w pomieszcze-
niu oraz temperatura powierzchni ściany może przyczynić się do rozwoju pleśni. Z kolei nagromadzony kondensat wewnątrz
przegrody, może pogorszyć parametry termizolacyjne ściany oraz zmniejszyć trwałość materiału. Analizie poddano ścianę
zewnętrzną z kompozytu w dwóch wariantach, ocieploną od wewnątrz i od zewnątrz wełną konopną oraz wykończone
tynkiem lub okładziną. Obliczono temperaturę powierzchni konieczną do uniknięcia krytycznej wilgotności powierzchni
wewnętrznej ściany oraz określono możliwość wystąpienia kondensacji międzywarstwowej w analizowanych ścianach.
Obliczenia wykonano przy założeniu warunków ustalonych w cyklu miesięcznym dla lokalizacji Lublin (Polska) wg normy
PN-EN 13788.
K e y w o r d s : Condensation; Diffusion; Hemp shives; Mold; Vapor permeability.
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building materials based on organic ingredients as an
external layer of building partition is associated with
risk of developing mold that may cause the processes
of degradation. According to literature, there were
carried out studies of the properties and behavior of
wall materials based on vegetable ingredients such as:
strawbale [4] and lightweight clay [5] in various mois-
ture conditions. Mold fungi can give off toxic sub-
stances and cause fungal infections and allergies
[6-10]. Molds grow in the temperature range between
0 and 50°C. The major criterion for mold growth is
adequate moisture. In practice, it is assumed that its
increase in relative humidity below 70% does not
occur [11], the value over 75% creates optimal condi-
tions for the development of mould fungi [9]. The
combination of discomfort in the building is defined
as Sick Building Syndrome [12]. Fungi are considered
as a very important source of pollution in buildings
and serious problem for the inhabitants.
Contamination of the building can occur if the con-
centration of fungal spores exceeds 1000 colony
forming units (cfu)/m3 [13]. Among the toxins pro-
duced by fungi, the most harmful are those produced
by Stachybotrys, Aspergillus versicolor and Fusarium
[14, 15].
The increase in humidity of wall material, which may
lead to the development of fungi can be caused by
physical phenomena associated with the temperature
and ambient air humidity. The water vapor pressure
drop proceeds from the heated interior of the building
to the outside. In this way, water vapor in the indoor
air passes through the building partition to the outside.
This process is determined by water vapor diffusion.
Depending on the wall layers, the material properties
(water vapor permeability), and the conditions of tem-
perature and humidity on the opposite sides of the
partitions may lead to condensation of water vapor
inside the wall [16]. The presence of water in the mate-
rial causes a deterioration of its properties, for exam-
ple insulating parameters [17-20]. Also it can lead to
the phenomenon of freezing, which adversely affects
the stability of the building material. Design solutions
of external walls in residential buildings should be
selected so as to most effectively protect against mois-
ture caused by condensation of water vapor in the
inner layers of the partition.
Humidity properties and the ability of water trans-
port by the construction materials depends on their
porosity – mainly containing open and transport
pores. Also relevant is the shape of the pores, the dis-
tribution of their size and spatial distribution in the
material [21].
The main source of moisture in walls which may
cause the processes of biological corrosion is capillar-
ity suction phenomenon. The height, quantity and
velocity of rising of water, are related to the structure
of wall material – the amount, type and distribution
of pores [22-24]. The amount of water, which is
pulled up by capillary suction at particular heights of
wall can be accurately measured using Time-Domain
Reflectometry probes. This method is also used for
the measurement of soil moisture [25, 26].
Together with contaminated ground water the salts
may be transported into the wall structure through
capillary suction phenomenon. The salts can cause
corrosion of construction materials, heavily limit
their durability and increase the moisture content as
a result of the hygroscopicity of salts [27-29].
The paper presents an analysis of two wall partitions
made of composite hemp-lime and insulated with
hemp wool. The internal surface temperature was
calculated to avoid critical surface humidity and the
possibility of interstitial condensation in the analyzed
walls was determined.
2. HEMP-LIME COMPOSITE
The composite is based on three main components:
binder, which is hydrated lime modified with poz-
zolanic additives or hydraulic lime; filler, which is
obtained from industrial hemp, containing a narcotic
substance THC (tetrahydrocannabinol) in amount
<0.2% of the dry weight of the inflorescence; and
water. Hemp shives are the chopped pieces of wood-
en core of the hemp stem (Fig. 2). Recommended
length of shives is in the range of 10-30 mm [30].
Fine fractions are undesirable due to the increased
demand for water in the mixture composite. Longer
fractions in turn adversely affect the mixing and plac-
ing the mixture in shuttering. Formulations of the
composite can be modified depending on the final
destination of the material. Modification of the com-
position is mainly based on the change of the ratio of
calcium to hemp in mixture. Higher binder content
increases the density, strength and decreases the
thermal insulation [31, 3]. Larger amount of filler
causes the opposite result. Hemp lime composite is
used as a filling for partitions in wooden frame con-
structions – primarily as a filling between timber
frame walls but also as a roof and a floor on the
ground layer [30, 32-33]. Figure 2 shows an example
of composite sample cross section.
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3. MATERIALS AND METHODS
3.1. Description of analyzed barriers
For the analysis there were considered two options of
external walls constructions manufactured of hemp-
lime composite. The construction of the both calcu-
lated walls is based on a tibmer frame (piles with the
dimension of 50×100 mm with a spacing of 500 mm
between particular elements), while the filler is a
hemp-lime composite 300 mm. To meet thermal
requirements for external walls according to techni-
cal requirements (U < 0.25 W/(m2
K)), the wall was
insulated with 60 mm thick hemp wool. As a finishing
layer it was used lime plaster (20 mm) and cladding
made of pine boards (15 mm). In the first considered
construction of the wall (wall A), the insulation was
placed on the inner side, while in the second option
(wall B), outside. The thickness of the particular lay-
ers in the two walls was the same. The calculation
model is two-dimensional, and it exclude the impact
of wooden components on the analyzed parameters,
which are not considered in the calculations. Figure 3
shows the analyzed wall constructions.
3.2. Determination of physical parameters
For parametrization of the modeled wall it was nec-
essary to obtain physical parameters of the materials
forming the modeled envelope:
• apparent density,
• vapor permeability coefficient,
• diffusion resistance factor,
• thermal conductivity coefficient.
For further analyses there were conducted laboratory
tests for hemp-lime composite (major material in
wall construction). Physical parameters of wooden
cladding, hemp wool and lime plaster were acquired
from data from producers (Steico-www.steico.com)
and Standards (PN-EN 12524:2003).
3.2.1. Apparent density
Aparent density (ρ 0) tests of hemp-lime composite
were performed according to PN-EN 12390-7:2001
standard on three cubic specimens with dimensions
of 100×100×100 mm. The specimens of known vol-
ume were dried and then weighed on a laboratory
scale in order to calculate the apparent density.
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Figure 1.
Hemp shives
Figure 2.
Cross section of composite sample
Figure 3.
Cross section of analyzed wall
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3.2.2. Vapor permeability coefficient
Water vapor permeability coefficient (δ) of hemp-
lime composite was determined by dry-cup method
according to the PN-EN 12086 standard.
Measurement was carried out under isothermal con-
ditions by placing the test sample between two differ-
ent environments, which differ in relative humidity.
Figure 4 shows a schematic dish for testing of water
vapor permeability.
By weighing a dish at particular intervals of time,
weight gain of hygroscopic substance was deter-
mined. As a hygroscopic material a silica gel [34] or
calcium chloride [35] may be used. Determination of
water vapor permeability coefficient was calculated
using Fick’s law:
where e is the thickness of the sample [m]; gυ is the
water vapor flux [kg/(m2·s)]; ΔPυ is the water vapor
pressure gradient [Pa]; Δm is the weight change [kg];ΔT is the time during which Δm occurred [s]; A is the
test area of the sample [m2].
3.2.3. Water vapor diffusion resistance factor
The vapor permeability coefficient (δ) of hemp-lime
composite can be replaced by a water vapor diffusion
resistance factor (µ). It is a proportionality coefficient
between water vapor permeability of air and water
vapor permeability of material (hemp-lime compos-
ite in this case). According to the above, this coeffi-
cient is dimensionless.
where δ0 is the water vapor permeability of air,
2·10-10 kg/(m·s·Pa).
3.2.4. Thermal conductivity coefficient
The thermal conductivity (λ) test of the composites
was carried out on three specimens with the following
dimensions 300×300×50 mm using a plate apparatus
FOX 314 by Lasercomp producer. For the experi-
ment the specimens were dried to a constant weight.
The measurement was conducted in the following
conditions: temperature set on a cooling plate was
0°C, temperature at hot plate was 25°C, which gave
the average temperature of 12.5°C. The test result
was the average thermal conductivity of the compos-
ite. The absolute thermal conductivity accuracy of the
plate apparatus FOX 314 was ±2%.
Table 1 shows all required parameters of materials
used in calculation. Deviations from the average
value of water vapor permeability ranged in 2.7-3.2%
and deviations from the average value of thermal
conductivity were in the range of 2.4-3.1%.
3.3. Determination of boundary conditions
Analysis of the walls were made taking Lublin city as
location. Meteorological data were adopted for the
appropriate meteorological station Lublin Radawiec.
Table 2 shows the average outdoor and indoor tem-
perature (θe, θi) and relative humidity (φe, φi) of air
for each month of the year. The climate data were
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Figure 4.
Standard dry-cup method for determination of water vapour
permeability
Table 1.
Performance of materials used in analysis
Performance Hemp-lime Hemp-wool Lime plaster Wood cladding
Apparent density [kg/m3] 495.0 40.0 1600.0 550.0
Water vapor diffusion resistance factor [-] 5.35 1.50 10.00 12.00
Water vapor permeability [kg/(m·s·Pa)] 3.74 × 10-11 1.33 × 10-10 2 × 10-11 1.67 × 10-11
Thermal conductivity [W/(m·K)] 0.112 0.040 0.800 0.160
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taken from the period of 1971–2000
(www.mib.gov.pl).
3.4. Calculation of the internal surface temperature
to avoid critical surface humidity
3.4.1. Description of problem
The harmful phenomenon, associated with critical
surface humidity is the risk of mold growth. Surface
condensation may cause destruction of building
materials, especially those that are prone to moisture.
To avoid the progress of biological corrosion in the
wall, its surface temperature should be above the dew
point temperature of indoor air. For the calculations
it was applied the methodology according to PN EN
13788 Standard.
3.4.2. Description of the applied calculation model
Heat quality of external wall is characterized by a
temperature coefficient on the inner surface of wall
fRsi,min. Its value determines the risk of mold growth
on the inner surface of wall and varies depending on
month.
where θsi,min is the temperature of the internal surface
[°C], θi is the indoor air temperature [°C] and θe is the
outdoor air temperature [°C].
The highest possible value of that coefficient is
defined as critical fRsi,crit. To avoid the risk of mold
growth, the wall must be designed in that way, that
the calculated fRsi coefficient is higher than the criti-
cal one. The value of fRsi depends on the type of the
partition. In case of the components having thermal-
ly heterogeneous layers, the following formula should
be applied:
where Rsi,min is the thermal resistance on the inner
surface of the partition, according to PN EN ISO
13778 standard it’s is value should be assigned as
0.25 (m2·K)/W and RT,min is the the lowest thermal
resistance of the section extracted from the building
component [(m2·K)/W].
To verify the following condition fRsi > fRsi,crit it is
required to appoint saturated water vapor pressure
psat, actual water vapor pressure on external surface
pe and internal pi of the wall, and calculation of mini-
mum acceptable temperature θsi,min being the lowest
temperature of the internal surface, below which
mold begins to grow. These parameters which are
required to determine the temperature coefficient
were calculated using the following formulas:
• Saturated water vapor pressure:
• Real water vapor pressure on the external surface
and internal of the wall:
where φe is the outdoor relative humidity; Δp is the
assumed difference in partial pressure of water vapor
in indoor and outdoor conditions [Pa].
• Value of condensation pressure at which the rela-
tive humidity at the surface does not exceed 0.8:
• The minimum permissible temperature being the
lowest internal surface temperature below which
mold starts to grow:
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Table 2.
Indoor and outdoor temperature and relative humidity of air
(Lublin-Radawiec)
Month θe [°C] φe [%] θi [°C] φi [%]
I -2.6 87 20.0 61
II -1.9 86 20.0 61
III 3.2 81 20.0 59
IV 9.2 73 20.0 57
V 14.4 73 20.0 62
VI 16.2 78 20.0 68
VII 16.9 78 20.0 70
VIII 16.9 77 20.0 70
IX 12.8 83 20.0 66
X 8.5 84 20.0 62
XI 1.3 89 20.0 61
XII -2.1 88 20.0 62
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3.4.3. Results and discussion
Table 3 shows indoor and outdoor water vapour pres-
sure and the minimum acceptable surface tempera-
ture. The calculations were made by using formulas
4-12.
The graph (Fig. 5) shows the temperature coefficient
value changes throughout the year.
For the discussed phenomenon the critical month is
January. The calculated temperature factor fRsi.min for
January equals 0.814. Slightly lower value of that
parameter is obtained for the December which
equals 0.811. However, it should be noticed, that the
temperature factor fRsi for analyzed walls was 0.944. It
is a reference value and is obviously greater than the
critical value of the calculated factor for December
and January, so it can be concluded, that there is no
suitable condition for mold growth on the internal
surface of wall throughout the whole year. To com-
pare the obtained results it must be mentioned here,
that Andy Shea [36], for the wall made of hemp-lime
composite with a thickness of 200 mm at external
temperature of 6.6°C and internal of 22.2°C obtained
the value of temperature factor equal to 0.81, while
the value of the critical factor was 0.75.
3.5. Determination of the possibility of interstitial
condensation
3.5.1. Description of problem
The phenomenon of water vapor transport through
the barrier may be associated with interstitial con-
densation inside the wall, which contributes to the
increase the level of moisture. Water vapor diffusion
occurs in the direction from the environment with a
higher to a lower temperature. It means that during
winter time water vapor that diffuses through the
external wall migrates through the layers with lower
temperature. If the temperature of the material
drops below the critical temperature, the vapor con-
denses and thereby moisture of the wall material is
increased. If condensation occurs inside the wall, the
amount of condensate that accumulates in wall dur-
ing the winter must be lower than the amount of con-
densate, which can dry out during the summer for
that type of the wall. Interstitial condensation is per-
missible, however, the amount of accumulated con-
densate should not exceed the maximum permissible
increase of moisture of the building material in which
condensation may occur. In the calculation, the
methodology according to PN EN 13788 standard
was used.
3.5.2. Description of the adopted calculation model
The calculation started from November as a trial
month. For this month, a temperature at the inter-
face between the layers, the saturated water vapor
pressure and the water vapor distribution in wall
were calculated. It was subsequently examined
whether there was a condensation. If it is not
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Figure 5.
Values of temperature factor over the year
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Table 3.
Indoor and outdoor water vapour pressure and the minimum
acceptable surface temperature
Month
pe
[Pa]
∆p
[Pa]
pi
[Pa]
psat(θsi,min)
[Pa]
θsi,min
[°C]
I 428 915 1435 1794 15.8
II 449 887 1424 1780 15.7
III 624 680 1373 1716 15.1
IV 844 437 1326 1657 14.6
V 1205 227 1454 1818 16.0
VI 1430 154 1599 1999 17.5
VII 1495 126 1633 2041 17.8
VIII 1487 126 1625 2032 17.8
IX 1221 292 1542 1927 16.9
X 928 466 1440 1800 15.8
XI 598 757 1431 1789 15.8
XII 453 895 1438 1797 15.8
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observed condensation, calculations must be repeat-
ed for the following months, until the state when:
• In any of the 12 months no condensation occurs,
then the partition is treated as free of condensa-
tion,
• In the month in which the first condensation
occurs, it should be considered as initial and calcu-
lations should be continued for the next months.
In order to determine the risk of condensation inside
the partitions, there should be defined climatic data –
temperature and relative humidity θe, θi, φe, φi
(Tab. 2) for the assumed location and the actual pres-
sure value pi and pe (Tab. 3).
The wall should be divided into a series of parallel,
homogeneous layers for which a thermal resistance
R, and a diffusion-equivalent air layer sd should be
calcutaled according to the formula:
where µ is the diffusion resistance factor [-]; d is the
thickness of material layer [m].
Diffusion resistance of the material layer corre-
sponds to the thickness of the air layer, which would
put the same resistance as that layer of material.
Layers with a high thermal resistance
(R > 0.25 (m2
K)/W) should be divided into a plural-
ity of layers with the same thermal resistance not
exceeding 0.25 (m2
K)/W – this subdivision should be
treated in calculations as a set of separate layers.
Increasing thermal resistance and thickness of air
gaps with the same diffusion resistance coefficient
from the outer side of each contact surface n are
determined with the following formulas:
The total thermal resistance and thickness of air gap
with the same diffusion resistance are expressed by
the equations:
where Rsi and Rse are respectively the internal and the
external surface resistance of the partition
[(m2
K)/W]; Rj is the thermal resistance of particular
layers of partition [m2K/W].
The temperature on each contact surface material is
calculated using the equation:
Assuming steady state conditions, the temperature
distribution in each layer is linear.
With the temperature at the contact surfaces of par-
tition layer, there should be calculated saturated
vapor pressure on each contact surface by formulas
6-7. The stream of water vapor flowing through the
wall can be calculated as:
The condensation stream is defined as the difference
between the amount of moisture transferred to the
contact surface and the amount of moisture trans-
ferred from the contact surface on which the conden-
sation occurs. It is defined by the following equation:
where pc is the water vapor pressure on the contact
surface on which the condensation occurs [Pa].
3.5.3. Results and discussion
Figures 6-7 show the distribution of temperature and
pressure in two previously described wall construc-
tions in the exemplary month – January.
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Figure 6.
Distribution of temperature and water vapour pressure in
wall A (January)
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Figures 8-9 show the vaule of stream of condensation
and accumulated moisture in analyzed walls in par-
ticular months.
In the case of hemp wool insulation on internal side
of the wall (wall A) the condensation occurs inside a
composite lime-hemp composite between 11th and
16th contact zone of calculation layer. Negative tem-
perature in January is present between contact zones
17, 18 and on the outer surface. The highest total
stream of condensation gc occurs in January and is
equal to 0.0882 kg/m2 and a little bit lower in
December (0.0833 kg/m3), while the largest amount
of accumulated moisture is present in March, in the
amount of 0.253 kg/m2. However, in April liquid con-
densate presence decreased to only 13th and 14th con-
tact zones and the positive stream of condensation
was only 0.0123 kg/m2. Accumulated condensate
from December to April is completely evaporated in
May. The cause of interstitial condensation was the
order of the layers of the wall. Water vapor, which
diffuses from the room to the outside, penetrating
through the highly permeable wool hemp, encounters
a material with a higher diffusion resistance.
Additionally it should be noticed, that with this
reverse location of the thermal insulation, about half
of the hemp-lime wall thickness was characterized by
low temperature (less than 5 degrees Celsius) during
winter time.
In the case of standard insulation position on the
external side of wall (wall B) the condensation takes
place in December, January, February and March
only between 18 and 19 calculation layer, which is the
contact zone (number 18) betwen wool hemp and the
wooden cladding. Hemp-lime composite remains
free of condensation, which has a positive effect on
its durability, especially that it is a organic material.
Negative temperature in January similarly to wall A
is present in contact zones 17-18 and on the outer
surface. However, the thickness of these layers is less
than in the wall A. The highest stream of condensa-
tion gc occurs in December and is equal to
0.0411 kg/m2 and is a little lower in January
(0.039 kg/m2) so it is nearly 2 times smaller than for
the wall insulated from the inside, while the largest
amount of accumulated moisture occurs in February,
in the amount of 0.084 kg/m2 and is less about 3 times
compared to the wall No.1. The amount of conden-
sate accumulated from the December to February
completely dries till March. Throughout the year, the
temperature in the hemp-lime composite layer
remained above 5 degrees Celsius.
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Figure 8.
Streams of condensation (gc) and accumulated moisture
(Ma) in wall A in the months in which condensation occurs
Figure 9.
Streams of condensation (gc) and accumulated moisture
(Ma) in wall B in the months in which condensation occurs
Figure 7.
Distribution of temperature and water vapour pressure in
wall B (January)
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4. CONCLUSIONS
With the conducted calculations it was established
that hemp-lime composite, due to its good thermal
insulation parameters is striken by the freezing zone
in a small range in critical month – January (wall A)
and there is no freezeing zone in composite layer with
hemp wool insulation on external side of wall
(wall B). With the low diffusion resistance, the dan-
ger of humidity increases, which is a consequence of
small interstitial condensation. In the case of the wall
insulated from the inside (wall A), the condensation
occurs inside the composite for four months of win-
tertime, but during the springtime the amount of
accumulated condensate should be completely evap-
orated. In the case of insulated wall from the outside
(wall B) there is no condensation in the composite. It
occurs only at interface between the insulation and
external cladding for the period of two months, but to
a much lower extent than in the case of the first wall
(A). In the case of both analyzed wall constructions
there is no risk of reaching the temperature of inner
surface of wall below the critical one, which would
run to mold growth.
External wall made of these materials meet the cur-
rent thermal requirements (U < 0.25 W/(m2
K)) and
should be free of the risk of mold growth and the neg-
ative consequences of the condensation phenome-
non, which usually occurs in the partitions to a small
extent. Comparing the two analyzed partitions, better
heat-moisture properties has a wall insulated from
the outside.
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